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Abstract 
The gelatinization behavior of rice flour and isolated starch and the texture of 
cooked rice were examined both for fresh and aged samples successively. The whole 
and debranched starch molecular structures of the starches extracted from the flour 
and hot water-washed leachate of the cooked rice were characterized, using size-
exclusion chromatography, to elucidate the molecular origins of the functional 
changes. For all variety, the native and leached starches of the aged rice had 
significantly smaller average total molecular sizes, higher proportions of short 
amylopectin chains, and smaller average chain length of amylopectin compared to 
fresh rice. The structural changes are consistent with the observed higher peak and 
final viscosity, lower pasting temperature, greater hardness and lower stickiness of 
cooked rice kernels for aged rice, based on established structure-property 
relationships. This study can be used to suggest ways in which some improved 
functional properties could be obtained with less expenditure for storage.
Keywords: rice aging, waxy rice, size-exclusion chromatography, molecular 
structure, pasting property, rice texture
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1. Introduction
Cultivated rice (Oryza sativa L.) is commonly consumed as cooked rice for more 
than 60% of the world’s population, with a small but significant quantity being used 
as an ingredient in processed foods (Wei, Kwon, Liu, Kim, Yoon, Kim, et al., 2007). 
Storage of freshly harvested rice grains for certain periods under controlled conditions 
is sometimes necessary as an insurance against possible crop failures or poor yields in 
the following year(s), and to improve some culinary properties. The stored rice is 
subject to a variety of physical, chemical and biological changes (collectively termed 
as aging) including color, composition, hydration, swelling, endogenous enzymatic 
activity, solubility, viscosity and texture etc., which could dramatically impact the rice 
cooking-eating quality. For example, with the aging of rice, a longer cooking time, 
lower cooking loss, harder texture and less sticky of the cooked aged rice are usually 
observed compared to the cooked fresh rice (Tran, Suzuki, Okadome, Ikezaki, 
Homma, & Ohtsubo, 2005; Z. Zhou, Robards, Helliwell, & Blanchard, 2002, 2007). 
The changes in cooked rice texture and rice flour amylograph peak and final 
viscosities associated with aging are enhanced by higher storage temperatures 
(Patindol, Wang, & Jane, 2005; Tananuwong & Malila, 2011; Z. Zhou, Robards, 
Helliwell, & Blanchard, 2007; Z. K. Zhou, Robards, Helliwell, & Blanchard, 2010). 
These physiochemical changes associated with the rice aging may be favorable to 
some processors and consumers but may be disgusted to others, depending on the 
  
4
intended applications and the individual preference for consumption.
Numerous researches have been carried out in the past years focusing on the 
physiochemical changes during the rice aging process and the rice aging mechanisms. 
Most studies ascribed the physiochemical changes associated with the rice aging to 
the changes in the strength of cell walls, chemical composition (starch, protein, lipid, 
phenolic acids, free fatty acids and the interactions between them), and endogenous 
enzymatic reactions (α-amylase, β-amylase and debranching enzyme) on rice lipids, 
proteins, and starch (Chrastil, 1990a, 1990b; Desikachar & Subrahmanyan, 1960; 
Dhaliwal, Sekhon, & Nagi, 1991; Juliano, 1979; Ong & Blanshard, 1995; Teo, Karim, 
Cheah, Norziah, & Seow, 2000; Tran, Suzuki, Okadome, Ikezaki, Homma, & 
Ohtsubo, 2005; Z. K. Zhou, Robards, Helliwell, & Blanchard, 2004). For example, 
Desikachar and Subrahmanyan (1960) reported an increase in amylose content in rice 
starch during rice aging due to the action of debranching enzyme, resulting in a lower 
cohesiveness and stickiness of cooked rice. (Chrastil, 1990a, 1990b) hypothesized that 
many of the physicochemical and functional changes such as the pasting behavior and 
cooked rice texture are caused by oryzenin-starch interactions during rice storage thus 
leading to decreased rice stickiness. In spite of the numerous studies on the subjective, 
there are limited reports on the ageing-induced structural changes in the starch 
molecule (i.e. fully molecular size and chain length distributions) and the exact 
mechanism of the rice aging have not been well elucidated yet particularly from the 
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perspective of molecular-level features of starch due to the inherent complexity of the 
rice aging process (Z. K. Zhou, Wang, Si, Blanchard, & Strappe, 2015). In addition, 
the previous studies mainly focused on the aging of non-glutinous rice, there were 
only sporadic reports on glutinous rice aging. The kernels of the cooked glutinous rice 
are sticky and adhere to each other, which perhaps make it a different texture and 
pasting behavior when compared to amylose-containing rice (Bean, Esser, & Nishita, 
1984). 
In this study, three types of waxy rice grains (with almost no amylose component) 
from different regions following the storage of 0 (freshly harvested rice) and 12 
months (aged rice) were examined periodically. The pasting behavior of the rice flour 
and isolated starch, textural property (hardness and stickiness) of the cooked rice for 
both the fresh and aged rice were measured using a rapid visco analyzer (RVA) and 
texture analyzer, respectively. Moreover, the starch molecular structures including the 
weight molecular size distributions of the whole (fully branched) and the chain length 
distributions (CLDs) of the debranched starch molecules were characterized using 
size-exclusion chromatography (SEC). The leaching characteristics and molecular 
structural features of leached starch obtained by hot water-washing treatment for the 
cooked rice were also determined in order to explore the mechanistic reasons for any 
differences in the hardness and stickiness between the cooked fresh and aged rice. To 
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the best of the authors’ knowledge, this is the first systematic report focusing on the 
role of starch molecular structures on the aging-induced changes in the 
physiochemical properties particularly the cooked rice texture. The objective of the 
present study is to provide valuable insights regarding the mechanisms in rice 
functionality changes associated with aging from the perspective of the changes in the 
structural features of starch after storage. While the changes may be brought about by 
enzymatic effects during ageing, the causal chain is that enzymatic changes change 
molecular structure, and it is this molecular structure which is the main controlling 
influence in textural and pasting properties.
2. Materials and method
2.1. Materials
2.1.1. Food 
Three cultivars of polished waxy rice grains all harvested in 2016, WAC1 
(medium grain, grown in Anhui Province of China), WHC1 (long grain, grown in 
Henan Province of China) and WTM1 (long grain, grown in Ho Chi Minh City of 
Vietnam), were used for this study. They were all kindly provided by Huangguo Food 
Industry Company (China). The polished rice (~12% moisture content on wet basis) 
was placed in polyethylene film bags and stored in the dark at 25oC in 
thermostatically controlled incubators. Samples were successively withdrawn from 
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each rice variety at the beginning of storage (fresh rice) and after appropriate 12 
months of storage (aged rice) for evaluation of starch structure and physicochemical 
properties. Both the fresh and aged rice grains were allowed to freeze in liquid 
nitrogen cryogenic medium before grinding using a cryogrinder (Freezer/Mill 6850; 
SPEX, Metuchen, NJ) at a rate of 28 1/s for 2.0 min. The milled rice flour was 
collected in self-sealing plastic bags in a desiccator prior to analyses.
2.1.2. Chemicals
Protease from Streptomyces griseus (type XIV) and LiBr (ReagentPlus) were 
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). 
Amyloglucosidase from Aspergillus niger, Isoamylase from Pseudomonas sp., and a 
D-glucose (glucose oxidase/peroxidase; GODOD) assay kit used for total starch 
content analysis were purchased from Megazyme International, Ltd. (Bray, Co. 
Wicklow, Ireland). Pierce BCA Protein Assay Kit (product No. 23225) used for 
protein analysis was provided by Thermo (Thermo Scientific, USA). Dimethyl 
sulfoxide (DMSO, GR grade for analysis) was purchased from Merck & Co., Inc. 
(Kenilworth, NJ, USA). A series of pullulan standards with peak molecular weights 
ranging from 342 to 2.35 × 106 were from Polymer Standards Service (PSS) GmbH 
(Mainz, Germany). All the other chemical reagents were reagent grade and used as 
received.
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2.2. Chemical composition analysis
For both the fresh and aged rice flours, the total starch contents were determined 
using a Megazyme total starch (AA/AMG) assay kit following a method described 
elsewhere (McCleary, Gibson, & Mugford, 1997). A BCA Protein Assay Kit (Pierce) 
was used to measure the total protein content.
2.3. Pasting behavior of rice flour and isolated rice starch 
Rice starch was isolated from the ground rice flour by the wet-milling method 
(Syahariza, Li, & Hasjim, 2010) and the details were described in Supporting 
Information. The pasting properties of the rice flour and isolated rice starch from both 
the fresh and aged rice grains were determined using rapid visco analyzer (Newport 
Scientific, Warriewood, NSW, Australia) following the method of Park, Kim, Park, 
and Kim (2012). 
2.4. Rice cooking
Cooked fresh and aged rice was prepared following the method of Park, Kim, 
Park, and Kim (2012) with some modifications. The residual bran and other adhering 
impurities were removed from the white rice kernels with an aspirating device. The 
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rice kernels were then screened using a mesh sieve with a size of 2 mm and the intact 
rice grains were selected for rice cooking. Rice sample (10 g, ~12% moisture content 
on wet basis) was placed in a 100 mL beaker and deionized water was added at 1.2 
times amount of the rice. Thereafter, the beaker was sealed with aluminium foil, 
placed on a steaming tray, and cooked in a household rice cooker (Supor Co., Ltd, 
Zhejiang, China) for 25 min. The cooked rice was allowed to cool down for 5 min 
before textural measurement and other analyses.
2.5. Textural property of cooked rice
The textural properties of the cooked rice were measured using a texture analyzer 
(TA-XT2, Stable Micro Systems Ltd., Haslemere, UK) equipped with a diameter of 
36 mm cylindrical probe following a method described elsewhere (Li, Fitzgerald, 
Prakash, Nicholson, & Gilbert, 2017; Park, Kim, Park, & Kim, 2012). Specifically, 
about 1 g (~15 intact rice grains) subsample of the cooked fresh or aged rice after 
cooling to room temperature was placed on the sample plate of the texture analyzer in 
a single layer layout. A compression, force-versus distance program was used to allow 
the probe to descend and then return at the same speed of 0.5 mm/s. Compression was 
set to create 40% strain to avoid destroying the cooked rice kernels. The textural 
measurements of the rice samples were conducted at least 5 times to minimize the test 
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error at 37oC. The parameters recorded from the test curves included hardness (g, 
maximum force at the TPA curve) and stickiness or adhesiveness (g·s, area of the 
negative force curve).
2.6. Extraction of leached materials
A subsample of about 6 g of the cooked rice was accurately weighed. The leached 
materials on the surface of the cooked rice kernels were extracted by rinsing with 5 
mL of hot deionized water with gentle mixing by hand for 1 min. The rinsing liquids 
were collected and the washing process was repeated 3 times. The rinsing liquids 
(leachate) were frozen immediately using liquid nitrogen and then freeze-dried 
overnight for storage and further analysis. The total dried leachates were weighed for 
calculation of the extraction ratio of leachates (as expressed by mg dried leachates/g 
cooked rice kernel) for both cooked fresh and aged rice.
2.7. Extraction, dissolution, and debranching of starch molecules for 
structural analysis using SEC
For each fresh and aged rice cultivar, the extraction and dissolution of starch 
molecules from the native rice flour and leached materials of the cooked rice kernels 
were carried out following an established method (Syahariza, Li, & Hasjim, 2010). 
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The extracted starch molecules were enzymatically disbranched using isoamylase 
according to a method previously described elsewhere (Wang, Hasjim, Wu, Li, Henry, 
& Gilbert, 2015). The samples were frozen in liquid nitrogen for freeze-drying, and 
then dissolved in DMSO/LiBr solution prior to structural characterization using size-
exclusion chromatography (SEC, also termed GPC). The details of starch extraction 
and debranching were described in the Supporting Information. 
The SEC weight distributions of whole and debranched starch molecules were 
characterized using an Agilent 1100 Series SEC system following a method described 
elsewhere (Castro, Dumas, Chiou, Fitzgerald, & Gilbert, 2005; Syahariza, Sar, Hasjim, 
Tizzotti, & Gilbert, 2013). The molecular size distribution of the branched starch was 
plotted as the SEC weight distribution, wbr (logRh), against the hydrodynamic radius, 
Rh. The average Rh, , of the whole starch molecules as defined by Syahariza, Li, 𝑅ℎ
and Hasjim (2010), was calculated from the SEC weight molecular size distribution of 
whole starch (see Supporting Information). It is useful to recall that SEC separates 
molecules by size, not molecular weight. While there is a unique relation between 
molecular weight and molecular size for linear polymers, that is not the case for a 
complex branched polymer such as starch. Presenting the SEC distribution as a 
function of Rh, which is a molecular quantity independent of machine set-up, enables 
these data to be reproduced, whereas presenting such data as elugrams in terms of 
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elution time or volume cannot, because the elution varies with the particular machine 
set-up, and even from day-to-day with a given set-up (Syahariza, Li, & Hasjim, 2010). 
The SEC weight chain length distributions (CLDs), denoted by wde (logX), obtained 
from the DRI signal was plotted against degree of polymerization (DP) X. For a linear 
polymer (such as debranched starch), the weight chain length distribution can be 
converted to the corresponding number distribution, Nde (logX), by the equation: wde 
(logX) = X2 Nde (X) (Castro, Dumas, Chiou, Fitzgerald, & Gilbert, 2005). The different 
ways of presenting the same information bring out different features of the 
distribution, which emphasizes the differences in the distributions of a certain branch 
population among samples that are not obvious in a different way of plotting. More 
details about the structural characterization and data processing are included in the 
Supporting Information. 
2.8. Statistical analysis
All analyses were performed in duplicate and the results were expressed as the 
means ± standard deviation. A significance test was conducted using analysis of 
variance (ANOVA) in the GLM procedure of the SAS System to investigate the 
differences in starch molecular structure and physiochemical properties (pasting and 
textural behavior) between the fresh and aged rice. Pearson correlation analyses were 
performed using IBM SPSS Statistics to obtain a mechanistic understanding of the 
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relationship between the aging-induced changes in the starch molecular structure and 
physiochemical properties. Statistical significance was set at a probability level of 
0.05.
3. Results and discussion
3.1. Composition of native rice flour
The chemical composition of the native fresh and aged rice flour for each rice 
variety is presented in Table S1 of Supporting Information. There are no significant 
differences in the total starch and protein contents between the fresh and aged rice for 
each rice variety, indicating that the gross chemical composition of the rice grains was 
essentially unchanged during storage. This result is consistent with the published 
findings (Swamy, Sowbhagya, & Bhattacharya, 1978; Villareal, Resurreccion, Suzuki, 
& Juliano, 1976). For all the rice samples, the total starch content ranges from 75% to 
81% and the total protein content is between 7% and 8%, which are within the ranges 
previously reported by Li, Prakash, Nicholson, Fitzgerald, and Gilbert (2016).
3.2. Starch molecular structure
Fig. 1A, B and C presents the representative chromatograms showing the weight 
molecular size distribution, wbr (logRh), of whole (fully branched) starch samples for 
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the rice variety of WAC1, WHC1 and WTM1, respectively. The structural parameters 
obtained from the whole molecular size distributions are presented in Table 1. Overall, 
similar molecular size distributions were seen among the three rice varieties. As seen 
from the native starches for each waxy rice variety of the fresh and aged rice, the fully 
branched distributions display two distinct peaks/shoulder peaks of amylopectin 
molecules: the global maximum at Rh~100 nm and a smaller one at Rh~30 nm. There 
is another small peak or shoulder peak observed at Rh~3-4 nm which may be residual 
proteins arisen from incomplete hydrolysis by protease during the starch extraction 
procedure (Li, Prakash, Nicholson, Fitzgerald, & Gilbert, 2016; Syahariza, Li, & 
Hasjim, 2010). The residual proteins were not relevant to this study and this 
component of wbr (logRh) was thus not considered further. Compared with the native 
grain starch of the fresh rice, the aged rice had significantly smaller molecular size as 
indicated by smaller Rh at the peak maximum of larger amylopectin (Rh2), higher 
height ratio of the relatively smaller amylopectin to the larger amylopectin molecules 
(h1/h2) and the smaller average Rh ( h) for all the three rice varieties (Table 1). The 
___
R
reduced molecular size for the native aged rice starch implies a molecular degradation 
of the larger amylopectin molecules resulting in an increased amount of smaller 
molecules during the rice storage due to the hydrolysis by endogenous amylolytic 
enzymes although their activity was reported to decline over time (Chrastil, 1990a; 
Dhaliwal, Sekhon, & Nagi, 1991). Similar results have been reported that the long 
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chains of amylopectin was evidently degraded resulting in the release of an additional 
small clusters through the endogenous α-amylase hydrolysis of the α-1,4-glycosidic 
links on the amorphous regions of amylopectin during storage in rice grains (Huang & 
Lai, 2014; Patindol, Wang, & Jane, 2005).
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Table 1. Structural parameters of weight molecular size distribution of whole starches and number CLDs of the debranched starches for all the tested samples1
1 Mean ± standard deviation is calculated from duplicate measurements. Values with different letters in the same column are significantly different at p < 0.05.
Branched starch parameters Debranched starch parametersRice 
variety
Sample
Rh1 Rh2 h1/h2 h
___
R XAP1 XAP2 hAP2/hAP1 AP
___
X 6<X≤12 12<X≤24 24<X≤36 36<X≤100
Fresh native starch 29.8 ± 0.3b,c 98.8 ± 0.5b 0.57 ± 0.03c 88.8 ± 1.2c,d 13.1 ± 0.1a,b 36.0 ± 0.2b,c 0.71 ± 0.05a 28.1 ± 0.2a 22.3 ± 0.1e,f 32.0 ± 0.2f 16.6 ± 0.1b,c 29.0 ± 0.2a
Aged native starch 28.9 ± 0.2c 72.2 ± 0.1e 0.77 ± 0.03a 83.3 ± 1.1e 14.1 ± 0.1a 37.4 ± 0.4a,b 0.70 ± 0.03a 26.7 ± 0.3b,c 22.9 ± 0.1d-f 34.6 ± 0.3d 16.1 ± 0.2c 26.4 ± 0.3b
Fresh leached starch 4.4 ± 0.1d 12.3 ± 0.1f,g 0.45 ± 0.03d 17.3 ± 0.3h 12.7 ± 0.1b 34.6 ± 0.2c 0.68 ± 0.03a,b 25.6 ± 0.2d,e 24.2 ± 0.2b,c 35.4 ± 0.1c,d 17.6 ± 0.1a,b 22.7 ± 0.3d,e
WAC1
Aged leached starch 4.4 ± 0.1d 10.3 ± 0.1h 0.54 ± 0.04c 11.4 ± 0.5j 13.2 ± 0.3a,b 35.5 ± 0.2c 0.62 ± 0.03b 24.6 ± 0.1e,f 25.3 ± 0.2a 37.0 ± 0.2b 16.8 ± 0.1a-c 20.9 ± 0.3f
Fresh native starch 33.6 ± 0.2a 115.7 ± 0.6a 0.46 ± 0.04d 104.0 ± 1.5a 14.1 ± 0.1a 38.4 ± 0.2a 0.70 ± 0.02a 27.1 ± 0.2b 21.9 ± 0.1f 34.8 ± 0.2d 16.9 ± 0.2a-c 26.4 ± 0.2b
Aged native starch 33.4 ± 0.4a 80.2 ± 0.3c 0.78 ± 0.03a 86.2 ± 0.5d 14.1 ± 0.1a 37.9 ± 0.3a,b 0.65 ± 0.03a,b 25.7 ± 0.1c,d 22.8± 0.2d-f 36.1 ± 0.2b,c 16.6 ± 0.2a-c 24.6 ± 0.2c
Fresh leached starch 3.4 ± 0.1e 12.5 ± 0.2f 0.58 ± 0.03c 21.4 ± 0.6f 14.4 ± 0.2a 36.9 ± 0.3b 0.67 ± 0.02a,b 25.6 ± 0.3d,e 22.3 ± 0.1e,f 36.7 ± 0.2b 17.7 ± 0.3a 23.3 ± 0.2d
WHC1
Aged leached starch 3.6 ± 0.3e 11.3 ± 0.1g,h 0.54 ± 0.03c 14.6 ± 0.2i 13.9 ± 0.2a,b 36.9 ± 0.3b 0.59 ± 0.03c 24.7 ± 0.2d-f 23.6 ± 0.1c,d 38.1 ± 0.1a 16.7 ± 0.2a-c 21.7 ± 0.3e,f
Fresh native starch 29.1 ± 0.1c 114.6 ± 0.5a 0.64 ± 0.04b 98.9 ± 1.3b 14.0 ± 0.2a 37.9 ± 0.2a,b 0.79 ± 0.05a 28.2 ± 0.1a 21.8 ± 0.0f 32.3 ± 0.1e,f 17.3 ± 0.2a-c 28.6 ± 0.3a
Aged native starch 32.7 ± 0.1a,b 75.9 ± 0.2d 0.76 ± 0.02a 90.5 ± 0.8c 13.9 ± 0.1a,b 38.4 ± 0.2a 0.76 ± 0.04a,b 26.8 ± 0.1b 22.8 ± 0.2d-f 33.2 ± 0.1e 16.9 ± 0.2a-c 27.1 ± 0.3b
Fresh leached starch 4.2 ± 0.1d,e 11.6 ± 0.1f,g 0.34 ± 0.01e 19.1 ± 0.3g 14.0 ± 0.0a 37.2 ± 0.2b 0.70 ± 0.01b 25.5 ± 0.1d,e 23.1 ± 0.2c-e 35.2 ± 0.3c,d 17.7 ± 0.2a 24.0 ± 0.2c
WTM1
Aged leached starch 4.2 ± 0.1d,e 12.0 ± 0.1f,g 0.58 ± 0.02c 14.1 ± 0.2i 13.3 ± 0.1a,b 36.0 ± 0.3b,c 0.60 ± 0.03c 23.6 ± 0.2f 25.2 ± 0.2a,b 36.9 ± 0.2b 16.8 ± 0.1a-c 21.2 ± 0.3f
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For the leached starches shown in Fig. 1, there are also two populations of amylopectin 
molecules at Rh~4 nm and Rh~10~12 nm. Obviously, the molecular size distributions of them 
were over a significantly smaller range (1~100 nm) than those of the native or cooked starch 
(1~1000 nm), with almost none of the very large molecules present in the leachate. The 
average molecular size of the leached whole starch molecules, ( h), is about 7~8 times 
___
R
smaller for aged rice and 4~5 times smaller for fresh rice than those of the native grain 
starches. Consistent results were also reported by Li, Fitzgerald, Prakash, Nicholson, and 
Gilbert (2017) that the molecular size of leached amylopectin was 30 times smaller than that 
of native amylopectin while that of leached amylose was 5 times smaller than that of native 
amylose. The authors has inferred that in the native starch granules, the small amylopectin 
molecules may entangle with large amylopectin molecules by non-covalent bonding or co-
crystallize with other large amylopectin molecules. However, they are free to leach out from 
the starch granules once the crystalline structure is destroyed by heating, and thus being 
easily removed from the surface of the rice kernels by hot water-washing treatment. The 
leaching features are closely associated with the textural properties of cooked rice (Li, 
Fitzgerald, Prakash, Nicholson, & Gilbert, 2017), which will be discussed later. Consistent 
with the results shown in the native rice starch, the leached starch extracted from the aged 
rice present higher proportion of small amylopectin molecules (as indicated by larger h1/h2) 
and lower h compared to that from the fresh rice (Table 1).
 ___
R
Typical SEC weight chain length distributions (CLDs) of the debranched starches, wde 
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(logX), from all rice varieties and treatments are shown in Fig. 2A. The same information is 
presented in Fig. 2B as the CLD, in terms of the number distribution Nde (X). All weight and 
number CLDs are normalized to the highest amylopectin branch peak. A group of structural 
parameters obtained from the debranched weight and number CLDs are also shown in Table 
1. The components with X<100 are defined as amylopectin chains, while X>100 are amylose 
chains (Castro, Dumas, Chiou, Fitzgerald, & Gilbert, 2005; Wang, Hasjim, Wu, Li, Henry, & 
Gilbert, 2015), which are mostly absent for the waxy starch samples used in this study and 
are thus not considered for further analysis. As shown in Fig. 2A, all the weight CLDs of 
amylopectin display usual features with two amylopectin peaks and there are only slight 
differences in the peak positions among all of the tested samples (Table 1). However, the 
leached starch generally had smaller proportion of long chains compared to the native starch 
as indicated by smaller values of hAP2/hAP1. Consistent result could be seen from the number 
CLDs (Fig. 2B). This finding supports the whole molecular size distributions and is in line 
with the previous results for amylose-containing rice starch samples reported by Li, 
Fitzgerald, Prakash, Nicholson, and Gilbert (2017). It is noteworthy that compared with the 
fresh rice for each rice variety, the aged rice displayed smaller amount of long amylopectin 
chains either in the native or leached starch. This may imply the degradation of long 
amylopectin molecules during the rice storage, which is consistent with the results above-
mentioned on the whole molecular size distribution that smaller average size of whole 
molecules, h, was observed for the aged rice (Fig. 1 and Table 1).
___
R
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In order to better quantitatively interpret the CLDs, the amylopectin region was 
subdivided into four fractions, X between 6~12, 12~24, 24~36 and 36~100, which are 
described as short (A chain), medium (B1 chain), long (B2 chain), and super long chains (B3 
chain), respectively. The average branch-chain length of amylopectin, , can be obtained by 𝑋
calculating the ratio of total glucose (DP 6~100 × their areas) to total area of DP 6~100 
(Syahariza, Sar, Hasjim, Tizzotti, & Gilbert, 2013). The proportions of each fraction were 
calculated as the corresponding area under the SEC weight CLD curve divided by the total 
area of DP 6~100. It is noted that the DP determined from SEC using the Mark-Houwink 
relation, as was done here, may not be accurate because of imprecisions in that relation and in 
calibration. As a result, the average DP of the amylopectin for the fresh waxy rice ( ~28), as 𝑋
shown in Table 1, was overestimated determined from the SEC compared to the generally 
reported value of ~23 measured by fluorophore-assisted capillary electrophoresis (FACE) (Li, 
Fitzgerald, Prakash, Nicholson, & Gilbert, 2017; Syahariza, Sar, Hasjim, Tizzotti, & Gilbert, 
2013). However, this would not influence the comparison of the fine structures between the 
fresh and aged rice samples as they were both determined by the SEC. 
As displayed in Table 1 for each rice variety, the aged rice, in general, had more short and 
medium chains whereas less super long chains compared to the fresh rice either in the native 
or leached starch. For example, as seen for the fresh WHC1, the proportions of super long 
amylopectin chains in the starches extracted from the native rice flour and leachate of rice 
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kernels were about 29.0% and 22.7%, however, they were significantly reduced to 26.4% and 
20.9% for the aged rice, respectively. Correspondingly, the amount of short and medium 
chains for the aged rice was significantly higher than for the fresh rice. Furthermore, the 
average DP, AP, of the native or leached starch for the aged rice was also correspondingly 
___
X
lower than that for the fresh rice. Consistent results were also observed for the WHC1 and 
WTM1. These results quantitatively proves that the fine starch structure of amylopectin was 
changed with the long amylopectin chains being degraded into short and medium chains 
during rice storage probably due to the hydrolysis by endogenous amylolytic enzymes. 
Similar results were also reported by Huang and Lai (2014) and Patindol, Wang, and Jane 
(2005) that the short chains (DP 6~12) increased, whereas the long branch chains (DP 
36~100) decreased over storage time in both aged waxy and amylose-containing rice starch. 
They also attributed the changes in amylopectin CLDs and average chain length during 
storage to the amylolytic enzyme activity as previously suggested. 
3.3. Pasting properties of rice flour and isolated starch
The typical RVA profiles of the isolated rice starch and ground rice flour of both fresh 
and aged rice for each waxy rice variety are shown in Fig. 3. The pasting parameters are 
summarized in Supporting Information of Table S2. As shown in the native rice flour for 
each rice variety, the aged rice flour generally showed significantly higher peak viscosity, 
final viscosity and setback value while slightly lower pasting temperature (except WAC1) 
  
21
compared to the fresh flour. Similar results have been extensively reported about the 
improved effect of aging on amylograph viscosity of rice paste in both non-waxy and waxy 
rice grains (Park, Kim, Park, & Kim, 2012; Tananuwong & Malila, 2011; Villareal, 
Resurreccion, Suzuki, & Juliano, 1976; Z. K. Zhou, Robards, Helliwell, & Blanchard, 2003). 
However, opposite effect was also reported that the amylograph pasting viscosity of the aged 
rice was lower than that of fresh rice (Guo, Cai, Tu, Tu, Wang, Zhu, et al., 2013; Juliano, 
1979; Sowbhagya & Bhattacharya, 2001; Z. K. Zhou, Robards, Helliwell, & Blanchard, 
2003). The contradictory results are mostly attributed from the varying storage time (Guo, et 
al., 2013; Noomhorm, Kongseree, & Apintanapong, 1997; Sowbhagya & Bhattacharya, 2001; 
Z. Zhou, Robards, Helliwell, & Blanchard, 2002). A short storage time from a few months to 
a year usually contributes to an increase in pasting viscosity upon aging while a decreased 
trend of viscosity was actually observed for long-term aged rice (i.e. more than 2 year) 
although there was indeed an increase at the initial stage of rice storage. The changes in 
pasting property as a result of aging are one of the most sensitive indices in rice grains that 
are highly associated with the rice cooking and eating quality (Park, Kim, Park, & Kim, 
2012).
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Attempts to explain the changes in functionality associated with ageing generally focused 
on the properties of starch, the major component of rice components. In this study, the 
pasting behavior of isolated starch was examined as one approach to eliminating the 
influence of other non-starch components (e.g. lipid, protein, cellulose, hemicellulose, soluble 
sugar and ash) on the pasting characteristics, which was expected to illustrate the mechanistic 
understanding of the distinct pasting behaviors between the fresh and aged rice. As presented 
in Fig. 3, the isolated rice starch from the fresh rice grains displayed similar viscograms with 
the fresh rice flour independent on the rice variety, showing little differences in the pasting 
viscosities and temperatures. However, the pasting viscosities of the starch isolated from the 
aged rice were significantly higher than those of the isolated fresh rice starch. In 
consideration of no significant change in the gross chemical compositions between the fresh 
and aged rice flour (Table S1), the different pasting properties shown here between the 
isolated fresh and aged starch suggest that the starch molecular structure may be changed 
after aging. Consistent findings were also reported that the peak and final viscosity for the 
isolated starch from aged rice were higher than that from the fresh rice (Huang & Lai, 2014) 
and increased over storage time (Patindol, Wang, & Jane, 2005). A hypothesis was proposed 
by Huang and Lai (2014) that the aging-induced changes in the pasting property of rice starch 
in aged waxy rice was due to the degradation of long amylopectin chains into small clusters 
by endogenous α-amylase hydrolysis of the α-1,4-glycosidic links on the amorphous regions 
of amylopectin during ageing. The small clusters or molecules could then be easily 
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dissociated, hydrated and swollen during gelatinization with excess water, thus contributing 
to an increase of pasting viscosity in rice starch isolated from the aged rice (Huang & Lai, 
2014). The authors also found that the degree of the pasting viscosity increase depended on 
the number of small clusters, which were attributed to the intensity of endogenous enzymatic 
reaction. In this study, significantly higher amount of small amylopectin molecules and the 
shift in chain-length distribution to shorter branch chains were also found for the aged rice. 
This can result in the significantly higher pasting viscosity after aging. In addition, the 
hypothesis also corresponds to the slightly lower pasting temperature (which indicates the 
ease or complexity of gelatinization) for the aged starch than that for the corresponding fresh 
starch as shown here. 
It is noted the aged rice flour had significantly higher pasting viscosity than the aged rice 
starch for each rice variety (Table S2). This demonstrates that starch interactions with other 
non-starch components such as starch-protein interaction may also occur thus contributing to 
the changes in the pasting properties during aging. This is in agreement with some other 
previous reports (Moritake, 1972; Noomhorm, Kongseree, & Apintanapong, 1997; Swamy, 
Sowbhagya, & Bhattacharya, 1978; Tananuwong & Malila, 2011; Teo, Karim, Cheah, 
Norziah, & Seow, 2000; Z. Zhou, Robards, Helliwell, & Blanchard, 2002; Z. K. Zhou, 
Robards, Helliwell, & Blanchard, 2003), which are discussed in the Supporting Information. 
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3.4. Textural properties of cooked rice
Cooked rice texture is a multidimensional characteristic that is critical for evaluation of 
rice eating quality and consumer acceptance when consumed as whole grain. Important 
parameters for characterization of rice texture include hardness, springiness adhesiveness or 
stickiness, chewiness and cohesiveness, with the hardness and stickiness being the most 
important and commonly measured parameters (Ong & Blanshard, 1995; Park, Kim, Park, & 
Kim, 2012; Z. Zhou, Robards, Helliwell, & Blanchard, 2002). Fig. 4 shows the textural 
properties of all the cooked fresh and aged rice kernels. Independent of the rice variety, the 
texture of cooked aged rice was harder and less sticky than the cooked fresh rice, as indicated 
by significantly higher hardness (Fig. 4A) whereas lower stickiness (Fig. 4B) for the aged 
rice. Moreover, all the aged rice kernels displayed significantly lower extraction ratio of the 
leached materials from the cooked rice by hot water-washing treatment (see Supporting 
Information of Fig. S1). The decrease in the extraction ratio is also an indicative of harder 
texture and enhanced interaction between starch and non-starch components in the aged rice, 
making it more difficult to extract the starch granules from the rice kernels (Patindol, Wang, 
& Jane, 2005). In addition, the hardness shown here is significantly and negatively correlated 
with stickiness (Fig. 4C), consistent with many previous findings (Li, Prakash, Nicholson, 
Fitzgerald, & Gilbert, 2016; Ong & Blanshard, 1995; Park, Kim, Park, & Kim, 2012; 
Tananuwong & Malila, 2011; Tran, Suzuki, Okadome, Ikezaki, Homma, & Ohtsubo, 2005; Z. 
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Zhou, Robards, Helliwell, & Blanchard, 2002, 2007). 
It has been reported that the texture of cooked rice kernels is significantly associated with 
the leached characteristics, i.e., amount of leached materials and molecular structure of the 
leached starch (Ayabe, Kasai, Ohishi, & Hatae, 2009; Li, Fitzgerald, Prakash, Nicholson, & 
Gilbert, 2017; Li, Prakash, Nicholson, Fitzgerald, & Gilbert, 2016). Ayabe, Kasai, Ohishi, 
and Hatae (2009) reported that the stickiness was positively correlated with the total amount 
of leached materials and amylopectin extracted from the surface of cooked rice kernels. Later, 
Li, Fitzgerald, Prakash, Nicholson, and Gilbert (2017) found that the stickiness between 
cooked rice kernels was also governed by starch molecular size and chain length of the 
leached amylopectin, i.e. the smaller amount of short amylopectin chains, the larger 
molecular size of leached amylopectin, and the greater the stickiness would be observed. A 
starch molecular mechanism was postulated by the authors to explain the stickiness between 
cooked rice kernels and the TPA probe. In the hypothesis, there is an interface of leachate 
connecting the cooked rice kernels and the probe. The larger amylopectin molecules with a 
higher proportion of long amylopectin chains in the leachate can have a greater opportunity to 
adhere to more area on the probe surface, and thus provide better bonding. On the other hand, 
these larger amylopectin molecules can also interact with each other in the leachate and in the 
bulk of rice kernels by H bonding, which creates viscous resistance to the detachment from 
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the probe. In the leached materials, an increase of the amount of amylopectin molecules, the 
proportion of long amylopectin chains, and amylopectin molecular size all create a greater 
opportunity for bonding and molecular interaction, thus contributing to a higher stickiness 
value (Li, Fitzgerald, Prakash, Nicholson, & Gilbert, 2017). In this study, the aged rice 
experienced starch molecular degradation during storage resulting in lower extractable 
leachate, smaller average molecular size and shortened CLD of amylopectin, thus causing a 
lower stickiness while higher hardness compared to the fresh rice.
It is worthy noted that the increased hardness and decreased stickiness after aging is also 
likely associated with the reduced hydration and expansion of starch granules during cooking 
(Park, Kim, Park, & Kim, 2012; Tananuwong & Malila, 2011). There is well-documented 
evidence that the leached amylose and amylopectin molecules contribute to the stickiness of 
cooked rice (Leelayuthsoontorn & Thipayarat, 2006). The concentration of solid contents 
(mainly starch) in the cooked rice kernels (~30% on wet basis) is significantly higher than 
that in a RVA sample (~10% on wet basis) with excess of water (Tananuwong & Malila, 
2011). The structure of the starch gel within a cooked rice kernel should also differ from that 
of the starch paste obtained from the RVA measurement. During rice cooking, the swelling or 
expansion of individual granules may be restricted by the limited space in the rice kernels, 
leading to a small amount of amylose and amylopectin leaching out compared to that in the 
starch paste of RVA (Leelayuthsoontorn & Thipayarat, 2006; Tananuwong & Malila, 2011). 
Due to the interactions of starch and non-starch components (i.e. oryzenin) during storage, 
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the starch granules in the aged rice kernels tend to absorb less water and the granule swelling 
and disruption of the granules are more restricted during cooking compared to that in the 
fresh rice. The less the swelling and crystalline structure disruption of the starch granules, the 
stiffer is the tightly-packed starch gel formed (Tananuwong & Malila, 2011). As a result, the 
cooked aged rice displayed higher hardness while lower stickiness compared to the fresh rice.
3.5. Structure-property relationships
The relations between the changes in starch molecular structure and physicochemical 
properties after aging are extremely complex due to the inherently complicated process of 
rice aging (Z. Zhou, Robards, Helliwell, & Blanchard, 2002). Table 2 displays the structure-
property correlation coefficients from Pearson’s rank correlation tests for all the tested 
samples. The total average molecular size ( ) and average chain length ( ) of debranched 𝑅ℎ 𝑋
amylopectin both show negative correlations with the pasting properties. The aged rice had 
higher pasting viscosities compared to the fresh rice due to their smaller  and  of the 𝑅ℎ 𝑋
starch molecules that could be easily dissociated, hydrated and swollen during gelatinization 
with excess water (Huang & Lai, 2014). Moreover, the amounts of super long (36<DP≤100) 
and short (12<X≤24) amylopectin chains are negatively and positively correlated with the 
pasting viscosities, respectively. This indicates that the shift in long amylopectin chains to 
shorter branch chains during storage is an important factor contributing to the higher peak 
viscosity of the aged rice. On the other hand, the insignificant correlations between the , 𝑅ℎ
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 and peak viscosity suggest that the other factors such as the starch-protein interactions as 𝑋
stated previously may also contribute to the different pasting properties between the fresh and 
aged rice. Either the ,  or the proportion of the long (B2) and super long (B3) 𝑅ℎ 𝑋
amylopectin chains presents significantly negative correlation with the hardness of cooked 
rice whereas positive correlation with stickiness. The aged rice had fewer long chains due to 
the molecular degradation and was thus harder and less sticker than the fresh cooked rice. 
These structure-property correlations provide a mechanistic understanding of the rice 
functionality changes associated with aging from the perspective of the changes in the 
structural features of starch after storage.
Table 2. Starch structure-property correlation coefficients obtained from all the tested samples 1
Pasting property Textural property
Structural 
attributes Peak Trough Breakdown Final Set back
Peak 
time
Temp Hardness Stickiness
𝑅ℎ -0.350 -0.293 -0.366 -0.299 -0.283 0.452 0.560 -0.945** 0.962**
𝑋 -0.670 -0.538 -0.751* -0.513 -0.277 0.114 0.173 -0.908* 0.842*
6<X≤12 0.053 -0.081 0.290 -0.091 -0.153 -0.743 -0.797* 0.888* -0.777*
12<X≤24 0.777* 0.888* 0.363 0.903* 0.855* 0.512 0.397 0.541 -0.697
24<X≤36 -0.778* -0.654 -0.550 -0.659 -0.589 0.052 0.167 -0.926** 0.984**
36<X≤100 -0.755* -0.636 -0.371 -0.437 -0.364 0.238 0.344 -0.945** 0.951**
1*. Correlation is significant at the 0.05 level (2-tailed).
**. Correlation is significant at the 0.01 level (2-tailed).
  
29
4. Conclusion
This work studied the aging-induced changes in the starch molecular structure and 
physiochemical properties including the pasting behavior of rice flour/isolated starch, and 
textural property of the cooked rice. The increased proportion of small amylopectin 
molecules/clusters, reduced average molecular size and chain length of amylopectin, and the 
shift in long amylopectin chains to shorter branch chains either in the native starch or the 
leached starch from the aged rice, were all indicative of  molecular-level starch degradation 
after aging for each waxy rice variety. This is probably due to the endogenous α-amylase 
hydrolysis of the α-1,4-glycosidic links on the amorphous regions of amylopectin during 
storage. The isolated starch and rice flour from the aged rice presented significantly higher 
peak and final viscosity while slightly lower gelatinization temperature than that from the 
fresh starch correspondingly. Moreover, the cooked aged rice kernels displayed significantly 
higher hardness but lower stickiness than the fresh rice independent of rice variety. The 
structure-property correlation analyses indicate that the differences in the pasting and textural 
properties between the fresh and aged rice could be attributed to the molecular degradation of 
large amylopectin molecules after aging. In addition, the aged rice flour and isolated starch 
showed inconsistent pasting behaviors, suggesting the role of not only starch but also its 
interactions with other non-starch components in the rice aging. Further research will be 
conducted on additional rice varieties with various endogenous enzymatic activities to 
confirm the hypothesis of structural degradation of starch molecules in the aged rice through 
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enzymatic hydrolysis.
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Figure captions
Fig.1. SEC weight molecular size distributions, wbr (log Rh), of whole (fully branched) 
starches extracted from the native rice flour and hot water-washed leachate for each 
variety of both the fresh and aged rice. The profiles were normalized to yield the same 
height as the peak maximum of amylopectin. 
Fig.2. SEC weight (A) and number (B) chain length distributions (CLDs) of 
debranched starches extracted from the native rice flour and hot water-washed 
leachate for each rice variety of the fresh and aged rice. All CLDs were normalized as 
a function of the highest amylopectin peak to yield the same area under the curve in 
order to avoid the effect of different sample concentrations.
Fig. 3. Pasting profiles of isolated rice starch and flour from both fresh and aged rice 
for each waxy rice variety.
Fig. 4. Textural properties of the cooked fresh and aged rice kernels for each rice 
variety. A: hardness (g); B: stickiness (g·s); C: correlation plot between hardness and 
stickiness with a significant coefficient of -0.954 (p<0.01).
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Figure 1
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Highlights
 Molecular structures and functional properties of fresh and aged rice were characterized
 Aging-induced degradation of starch molecular size and chain length of amylopectin 
 Aging caused higher pasting viscosity and hardness while lower stickiness of cooked 
rice
 Starch molecular degradation caused the changes in textural and pasting properties 
